Rotavirus is the major cause of diarrhea among young infants in both humans and animals. Immune protection of newborns by vaccination is difficult to achieve since there is not enough time to mount an immune response before exposure to the virus. We have designed a vaccination strategy mediating transfer of neutralizing antibodies from the mother to the offspring during pregnancy and/or lactation. Adult female mice were nasally immunized with virus-like particles (VLPs) made of viral proteins VP2 and 6 (VLP2/6) or VP 2, 6, and 7 (VLP2/6/7) derived from the RF rotavirus strain in the presence or absence of cholera toxin. Both vaccines elicited serum and milk antibodies against the respective VPs. Four days after parturition, suckling pups were challenged orally with RF rotavirus. Pups from mothers immunized with VLP2/6/7 but not VLP2/6 were protected against rotavirus diarrhea, indicating that VP7 plays a key role in protection. Protection was mediated by milk rather than serum antibodies, and mucosal adjuvants were not required. In conclusion, VLPs containing VP7 administered nasally to mothers represent a promising vaccine candidate for the protection of suckling newborns against rotavirus-induced diarrhea, even in the absence of a mucosal adjuvant.
Rotavirus, a member of the Reoviridae family, is the leading cause of severe diarrhea in newborns worldwide (16) . The infection is disseminated by feco-oral transmission. The virus targets the small intestine mucosa and replicates strictly in the epithelial cells. Villi are reduced in size and destroyed. Sodium adsorption is reduced and water accumulates in the lumen (27, 30) . These processes cause diarrhea. Since the disease results in a high rate of mortality in the developing countries and high morbidity in the industrialized countries, and due to the absence of antirotavirus drugs, efforts have been made to design vaccine strategies to prevent the disease.
Different strategies of vaccination have been based on the use of live rotavirus or subunit vaccines. Usually, protection against rotavirus infection in adult mice was measured by reduction of fecal virus shedding after oral challenge, but in all species, including human and mice, rotavirus infection does not cause diarrhea in adults. In contrast to adults, newborn mice during the first 2 weeks of life develop diarrhea when infected. Protection of pups through vaccination, however, is difficult to achieve since there is not time to develop an immune response able to protect the pups during the short susceptibility period, and their immune system is not fully mature (22, 31) . Thus, immunization of mothers with live heterologous viruses that results in the transfer of their antibody repertoire to the offspring represents an alternative that has already been explored by others (19, 25, 28, 32) . Since some side effects have been observed with live viruses, subunit vaccines in the form of virus-like particles (VLPs) have been developed and tested in cows by intramammary gland injection. Calves receiving milk from immunized mothers were protected (12) .
Rotaviruses are composed of three protein layers surrounding 11 segments of single-stranded RNA (11) . The inner layer is composed of three viral proteins, VP1, VP2, and VP3; the middle layer contains VP6, and the outer layer contains VP4 and VP7. Rotavirus genes encoding VPs have been expressed in insect cells using baculovirus vectors. In this expression system, VP2 alone drives the formation of stable VLPs (21) , and coexpression of other VPs results in the assembly of multilayered VLPs (9, 21), i.e., double layered with VP2 and 6 and triple layered when VP7 is added. Since VPs retain their native structure in VLPs, one can expect them to elicit conformational antibodies similar to those triggered by live viruses. Thus VLPs represent a promising alternative to live-virus vaccines. Systemic or mucosal administration of VP7-containing VLPs induces immune responses (8, 26) , but protection against diarrhea was not assessed, the experiments being restricted to adults. In addition, nasal immunization appeared to be the best route of vaccination (26) . In this study, we observe that immunization of dams with VLPs containing VP7 protects their pups against rotavirusinduced diarrhea. We demonstrate for the first time that nasal immunization of mothers with VLPs in the absence of mucosal adjuvants triggers high milk and serum antibody titers that protect suckling newborns. Finally, milk but not serum antibodies are required for protection.
MATERIALS AND METHODS
VLPs and viruses. VLP2/6 and VLP2/6/7 were assembled in insect cells using the VP2, VP6, and VP7 genes of the bovine RF strain (G6 serotype) and were purified as previously described (21) . The virulent bovine RF strain viruses (G6 serotype) and the heterologous virulent simian RRV strain (G3 serotype) were produced as previously described (9) .
Immunization and breeding of mice. Ten-week-old BALB/c mice (Harlan, Horst, The Netherlands) were used in this study. Each group contained eight animals. . Ten microliters of vaccine was instilled in each nostril with a micropipette. Mice were boosted twice nasally, on days 7 and 14. One week after the last immunization, mice were mated. One male was added for two females in each cage.
Sampling of milk. A total of 100 l of oxytocin (5 IU/ml) (Syntocinon; Sandoz) was injected intraperitoneally into lactating female mice, and 5 min later the animals were anesthetized as described above. Milk was harvested using a vacuum pump adapted to the mouse breast and was collected in a tube kept on ice. Milk was diluted 1:3 with PBS, centrifuged 5 min at 180 ϫ g to remove debris and fat, and stored at Ϫ70°C. Rotavirus-specific antibodies were measured by enzyme-linked immunosorbent assay (ELISA).
ELISA. ELISA was performed in Maxisorp 96-well immunoplates (Nunc, Life Technologies, Basel, Switzerland). For immunoglobulin G (IgG) measurements, plates were coated with 100 l of VLP2/6 (1 g/ml) per well. After a blocking step of 30 min at 37°C with PBS-1% milk, plates were washed five times, and serial twofold dilutions, starting at 1:100, of milk or serum samples in PBS-1% milk-0.1% Tween 20 were added to each well and incubated for 2 h at 37°C. After washing, plates were incubated with a goat anti-mouse IgG linked to horseradish peroxidase (diluted 1:20,000) (Bio-Rad, Hercules, Calif.) for 1.5 h at 37°C. For IgA, plates were treated as described above but with initial serum samples diluted 1:5 and milk samples diluted 1:3. Plates were further incubated with a 1:500 dilution of a biotinylated goat immunoglobulin directed against mouse IgA (Sigma, Buchs, Switzerland) for 1 h at 37°C. After washing, plates were incubated with a 1:1,000 dilution of streptavidin conjugated to horseradish peroxidase (Amersham, Arlington Heights, Ill.) for 30 min at 37°C. In both cases, plates were developed with 0.1% O-phenylenediamine (Sigma) and 0.03% H 2 O 2 in citrate buffer (44.4 mM citric acid, 103 mM Na 2 HPO 4 ). After 15 min, absorbency was measured in a Packard Spectracount at 495 nm. Preimmune sera and milk from nonimmunized mice served as controls. The specific IgA or IgG titers were expressed as the reciprocal of the highest dilution that yielded an absorbency equivalent to four times that of the preimmune samples. Samples from control mice (PBS or CT) were negatives for VLP2/6-specific antibodies (titer Ͻ 100).
SDS-PAGE and immunoblot analysis.
Proteins separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were electroblotted onto nitrocellulose membrane in a transfer buffer containing methanol. Membranes were blocked for 30 min with PBS-0.1% Tween 20-4% dry milk at room temperature, washed three times for 5 min in PBS-0.1% Tween 20, and incubated overnight at 4°C with mouse serum (1:100) or rabbit anti-bovine RF serum (8184 serum) (1:1,000) diluted in PBS-0.1% Tween 20-1% dry milk buffer. After three washes of 10 min, horseradish peroxidase-conjugated anti-mouse (BioRad) or anti-rabbit (Sigma) antibody, diluted 1:5,000, was added and incubated for 60 min at room temperature. Blots were washed again and developed with an ECL kit (Amersham) following the manufacturer's instructions. An X-Omat Kodak film (Sigma) was exposed to the membrane.
Protection studies of newborns. Rotavirus challenge of 4-day-old suckling mice from both control and immunized dams was performed by oral inoculation with a micropipette of 10 l of virus-containing medium. Each pup received 2 ϫ 10 6 PFU of RF virus, a virus dose that induces diarrhea in 90% of challenged animals, or 2 ϫ 10 6 PFU of RRV virus (10 times the virus dose that induces diarrhea in 50% of challenged animals). Pups were monitored daily for onset of diarrhea during 5 days. They were considered sick when yellow and liquid stools appeared upon gentle abdominal palpation.
Statistical analysis. The 2 test was performed to determine the significance of protection compared to the PBS-or CT-treated group.
RESULTS
Nasal administration of VLPs elicits a rotavirus-specific antibody response in milk. Maternal antibodies are known to protect babies from rotavirus infection (17, 25, 32) . Since in mice the maternal antibody repertoire is transferred before birth via the placenta, and after birth via milk, we measured by ELISA antibody titers in both serum and milk. Following nasal administration of VLP2/6 or VLP2/6/7, both with CT, sera were collected each week and milk was obtained twice, at 4 and 8 days after delivery (Fig. 1) . Three weeks after priming, serum VLP2/6-specific IgG antibody titers reached a plateau (reciprocal log 10 titer, 4.7 Ϯ 0.4) that was maintained until parturition (Fig. 2a) . IgG1 represented the major immunoglobulin isotype, suggesting a TH2 response (data not shown). Under our experimental conditions, serum VLP2/6-specific IgA antibodies were not detected. In milk, 4 days after parturition VLP2/6-specific IgG titers (3.5 Ϯ 0.3) (Fig. 2b) were sustained for at least 8 days postpartum. Four days after birth, no VLP2/ 6-specific IgA antibodies were detected, while at day 8 low titers (1.7 Ϯ 0.2), similar to intestinal concentrations reported by O'Neal et al. (26) , were measured for both VLP-immunized groups. In conclusion, nasal VLP immunization was efficient in eliciting a serum antibody response, as expected, but also a milk IgG and, to a lesser extent, an IgA antibody response.
Attempts to absorb VP2/6-specific antibodies with VLP2/6 and to measure VP7-specific antibodies by ELISA using VLP2/ 6/7 as the coating antigen were unsuccessful, possibly because VP7 antibody titers were low or due to alteration of VP7 conformation upon coating. In addition, since VP7 in its native configuration is not yet available, we were unable to measure VP7-specific conformational antibodies. Therefore, the presence of serum VP7-specific antibodies in mice immunized with VLP2/6/7 and CT was assessed by immunoblot (Fig. 3) . A rabbit polyclonal serum against RF virus served as a positive control. The anti-RF serum revealed a band for VP2 (94 kDa) and known degradation products VP6 (44 kDa) and VP7 (38 kDa) (Fig. 3) . In VLP2/6-immunized animals, VP2-and VP6-specific antibodies were detected, and sera from VLP2/6/7-immunized mice contained VP2-, VP6-, and VP7-specific antibodies. These experiments indicate that VLP2/6/7 is able to induce a VP7-specific antibody response in serum but not in milk.
Newborns from mice nasally immunized with VLP2/6/7 are protected against rotavirus-induced diarrhea. To test whether mothers immunized with VLPs and CT as an adjuvant can transfer antibodies to their newborns and thus protect them against viral challenge, 4-day-old newborns from nasally immunized mice were challenged with an oral dose of 2.5 ϫ 10 6 PFU of RF virus. The RF strain shares the same VP2, VP6, and VP7 proteins that the VLPs used for immunization. As a readout of infection, we scored diarrhea during the 4-day pe- 
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riod following viral challenge (Fig. 4) . The incidence of diarrhea in pups from PBS or CT sham-immunized mice was 93.7 and 81%, and the difference between the two groups was not significant (P ϭ 0.13). In the group of pups from VLP2/6-immunized mice, the diarrhea incidence was 71.4% (Fig. 4) . This value was not significantly different from that of the shamimmunized group (P ϭ 0.31). In contrast, pups from VLP2/6/ 7-immunized mothers were clearly protected, with only 27% diarrheic animals. Our data indicate that VLPs and CT given nasally are immunogenic and induce maternal immune effector antibodies that are transmitted to the pups and protect them against rotavirus-induced diarrhea. Moreover, we showed that passive protection requires the presence of VP7. Milk antibodies play a key role in passive protection against rotavirus-induced diarrhea. To determine the respective contribution of antibodies acquired by pups through the placenta or via milk, foster nursing experiments were performed. To assess the importance of maternally transferred serum antibodies, pups from VLP2/6/7 plus CT-immunized mice were foster nursed on nonimmunized mice. The role of milk antibodies was determined by an inverse setup, with pups from nonimmunized mothers fed by immunized lactating mice. The results illustrated in Fig. 5 indicate that pups born from immunized mice were not protected, while 60% of the pups nursed by immune mothers did not develop diarrhea. The difference in protection (Fig. 5 ) observed between pups receiving only the milk of an immunized female (milk group) and pups born of and nursed by immunized animals (milk ϩ pla- Control mice were immunized with 10 l of PBS or 5 g of CT. Breeding was initiated at week 4 by adding males. Four-day-old newborns were orally infected with 2.5 ϫ 10 6 PFU of RF virus. Diarrhea was checked daily. Pups presenting diarrhea were not protected. ‫,ء‬ P Ͻ 0.05. centa group) was not significant (P ϭ 0.42). This result indicates that only milk antibodies play a role in passive protection.
Mucosal adjuvants are not required for antibody-mediated protection against rotavirus-induced diarrhea in newborns.
Usually mucosal adjuvants are necessary to mount efficient immune responses against mucosally delivered antigens (14). Due to their toxicity, CT and Escherichia coli labile toxin cannot be used in humans, and toxoids have been generated (14) . Since viral particles trigger strong antibody responses in the absence of adjuvants due to the repetitive structure of their surfaces (3), we tested whether rotavirus VLPs, which share the same surface structure as native viruses, were able to stimulate an antibody response sufficient to confer protection upon transfer of the antibodies from the mother to the offspring. Mice were immunized and challenged following the schedule outlined in Fig. 1 . The protection was not significantly different from the groups with CT (P ϭ 0.16) (Fig. 6) .
Finally, to determine whether VP7-mediated protection was also efficient against heterotypic virus strains, we challenged pups of mice immunized with VLP2/6/7 derived from RF strain (G6 serotype) with an RRV virus (G3 serotype). Since no protection was observed (91% diarrheic animals), we concluded that VLPs derived from G6 serotype strains were unable to protect against a G3 serotype strain.
DISCUSSION
Rotavirus VLPs made of the viral proteins VP2, 6, and 7 are immunogenic in the absence of mucosal adjuvant and elicit a strong rotavirus-specific antibody response in serum and milk when administered nasally to female mice. Pups suckling immunized mothers are protected against infection with a virus strain homotypic to the challenge and do not develop diarrhea. We provide evidence that protection is mainly mediated by milk and not placentally transferred antibodies.
Protection against rotavirus infection by passive maternal transfer of antibodies has already been reported for mice immunized with live-rotavirus vaccines (25) or recombinant adenovirus expressing rotavirus VP7 (5), administered orally or intraperitoneally. Since a licensed tetravalent live-rotavirus vaccine has recently been linked to intussusception, a bowel occlusion syndrome (1, 4, 7, 15, 20) , safer vaccines probably will have to be constructed and tested. Subunit vaccines may represent an alternative to produce safer, although less immunogenic, vaccines. Thus, we decided to examine whether subunit vaccines in the form of VLPs assembled in insect cells with recombinant baculovirus vectors would induce strong antibody responses that could be transferred by immunized dams to their pups and protect them against rotavirus diarrhea. In humans, passive transfer of the maternal antibody repertoire occurs exclusively before birth through the placenta, while in mice both the placental and the oral pathways are involved FIG. 5 . Contribution of milk antibodies to protection. Female mice were nasally immunized with 5 g of VLP2/6/7 and 5 g of CT at weeks 0, 1, and 2. Females of the control group were not immunized. Females of the immunized and control groups delivering the same days were inverted. At day 4 postpartum, pups were orally infected with 2.5 ϫ 10 6 PFU of RF virus. Diarrhea was checked daily. Pups presenting diarrhea were not protected. The 2 test was performed to determine the significance of protection compared to the negative, nonexchanged group. ‫,ء‬ P Ͻ 0.05. Pups were born of and nursed by (placenta ϩ milk), only born of (placenta), or only nursed by (milk) VLP2/6/7-plus CT-immunized mice; i.e., they received antibodies against VLP from both placenta and milk, only from placenta, or only from milk, respectively. 6 PFU of RF virus. Diarrhea was checked daily. Pups presenting diarrhea were not protected. ‫,ء‬ P Ͻ 0.05. (18) . Thus, in mice it is possible to analyze the contribution of each pathway. We clearly demonstrate that milk antibodies but not maternally acquired serum antibodies are essential for the protection.
The role of the various rotavirus capsid proteins as protective immunogens remains controversial (6, 12, 26, 29) . To analyze the role of VP7 in passive protection against diarrhea and not fecal virus shedding, we compared the immunogenicity of VLP2/6 and VLP2/6/7 in the rotavirus newborn mouse model (29) . Although both VLPs were highly immunogenic, only VLP2/6/7 conferred protection against diarrhea. We were unable to correlate protection with the presence of neutralizing VP7-specific antibodies, although VP7-specific antibodies were detected by immunoblots in serum and, to a lesser extent, in milk of the vaccinees. It is likely that VP7 in the VLPs generates conformational antibodies unable to interact efficiently with partially denatured VP7. In addition, the G6 serotype-specific VP7 antibodies were unable to recognize VP7 from another serotype, G3, further supporting the crucial role of VP7 as a protective antigen.
Our study confirms previous experiments showing that passive transfer of VP6-specific antibodies passively transferred to newborns was not sufficient to protect against diarrhea (2, 29) . In contrast to the VP6 protein produced by adenovirus (2), the VP6 displayed by the VLP2/6 is in its native conformation, therefore eliciting conformational antibodies. This suggests that VP6-specific conformational antibodies are not sufficient to confer passive protection. In adults, VP6 was shown to be protective against virus shedding. Differences in the protection mechanisms in adults and newborns could explain the discrepancy in the results. It has been proposed (6) that neutralization of rotavirus by VP6-specific antibodies occurs in the cell rather than outside in the intestinal lumen, as described for influenza and Sendaï virus (23, 24) . This implies that the virus or subviral particle and the antibodies meet in an endosomal compartment. In the adult, polymeric IgA antibodies taken up by the polymeric Ig receptor were proposed to mediate intracellular protection (6) . In our study, IgG but probably not IgA antibodies are involved. Uptake and internalization of IgG antibodies also occur in the newborn via the neonatal Fc receptor (18) . Therefore, if intracellular neutralization is involved in protection against infection, VP2/6-specific IgG antibodies should also protect against, or at least reduce the duration of, the diarrheic episode. Lack of protection suggests that intracellular neutralization of the virus does not correlate with protection against diarrhea. Moreover, the passive transfer of milk antibodies excludes any role of VP6-specific cytotoxic T lymphocyte in protection (10, 13) . In our system, VP7 is essential for protection against diarrhea, as described previously (2) .
In conclusion, nasal administration of VLP2/6/7 in the absence of a mucosal adjuvant to female mice is sufficient to passively protect suckling newborns against diarrhea during the breast-feeding period. Such a vaccinal strategy could be assessed to prevent rotaviral infection in human newborns during the breast-feeding period of life. However, this period does not overlap the time of susceptibility to rotavirus in infants. It remains to be established whether infants can also be actively protected by nasal administration of VLP2/6/7, as suggested by the work of O'Neal et al. (26) . Such studies will require an animal model in which the period of susceptibility to infection exceeds the weaning period that is typical of mice.
